Abstract. The Nanotechnology Risk Assessment Working Group in the Center for Drug Evaluation and Research (CDER) within the United States Food and Drug Administration was established to assess the possible impact of nanotechnology on drug products. The group is in the process of performing risk assessment and management exercises. The task of the working group is to identify areas where CDER may need to optimize its review practices and to develop standards to ensure review consistency for drug applications that may involve the application of nanotechnology. The working group already performed risk management exercises evaluating the potential risks from administering nanomaterial active pharmaceutical ingredients (API) or nanomaterial excipients by various routes of administration. This publication outlines the risk assessment and management process used by the working group, using nanomaterial API by the oral route of administration as an example.
INTRODUCTION
Nanotechnology is currently being applied in the pharmaceutical industry as a means of developing innovative products, including novel dosage forms, complex delivery systems, and targeted therapies (1, 2) . The use of nanotechnology in pharmaceuticals by industry may result in drugs with improved performance, increased stability, and increased efficacy and consumer compliance (3) (4) (5) . The United States Food and Drug Administration (USFDA) has a strong interest in contributing to the improvement of product development, including performance, safety, and quality, while ensuring that possible risks to any of the latter are minimized.
In June 2011, the USFDA issued a Draft Guidance to articulate the principles that could be used to consider whether a product contains nanomaterials (6) . The considerations listed in the Draft Guidance, while not constituting a formal definition, are related to the likelihood that a product might exhibit properties that might ultimately raise questions about safety, efficacy, quality, or public health impact and in turn require USFDA to revisit its review practices.
In an effort to better understand the ramifications or risks involved with using nanomaterials, USFDA has taken several approaches to better understand how nanomaterials are used in regulated products. As a first step, an internal database of submitted and approved drugs containing nanoscale materials was created, in order to better understand the landscape of products that Center for Drug Evaluation and Research (CDER) was reviewing (7) . The next step was to evaluate what might be the possible effects of the nanomaterials on pharmaceutical product development and use in the future. To this end, CDER initiated the risk assessment exercise that is described in this manuscript.
In 2010, CDER issued a Manual of Policy and Procedure ( M A P P ) 5 0 1 5 . 9 c a l l e d " R e p o r t i n g F o r m a t f o r Nanotechnology-Related Information in CMC Review (8) ." In this MAPP, information is provided to CDER chemistry, manufacturing, and controls (CMC) reviewers on how to consistently capture relevant information from submissions for products that contain materials in the nanoscale for the purposes of database construction. To that end, CMC reviewers in CDER were directed in the MAPP, to collect information on all products with dimensions below 1,000 nm (excluding dissolved molecular entities and biologics). While there is no official FDA definition of nanotechnology, for the purposes of the MAPP, the dimension of 1,000 nm was used by CDER to broadly establish some means to help reviewers identify products for which nanotechnology-relevant data should be collected. The collected information (such as particle size, size distribution, etc.) was and continues to be collated and analyzed in a database, for the purpose of understanding the quality and safety characteristics of drugs that may contain nanomaterials. The goal of the database analysis is to ultimately identify possible trends and generalizations that may help in the review approach for applications containing nanomaterials. A preliminary analysis of particle size information collected in CMC reviews of CDER-regulated drugs was presented at the August 9, 2012 meeting of the advisory committee of the Office of Pharmaceutical Science and Clinical Pharmacology (7) .
In order to ensure that CDER could better understand possible effects of using nanomaterials in pharmaceuticals, both from a development and manufacturing standpoint, the Nanotechnology Risk Assessment Working Group was established in 2011. This group is comprised of a multidisciplinary team responsible for conducting assessments of possible risks associated with the application of nanotechnology in the development and manufacturing of drug products. The risk assessment working group is identifying those areas where CDER's current review processes related to evaluating product safety and quality could be optimized to specifically address considerations associated with nanotechnology product characteristics. The working group has two main goals:
1. To identify potential risks to safety, quality, and efficacy resulting from the use of nanomaterials in drug products 2. To identify areas for improvement, based on the results from the risk management exercise
The current regulatory requirements in CDER are robust and have successfully been applied to the evaluation of novel therapies that contain nanomaterials. The intent of the present risk assessment exercise is to comprehensively evaluate how review practices for products containing nanoscale materials could be optimized. The importance of better understanding the potential impact of nanotechnology on drug products was reiterated in the recently passed Food and Drug Administration Safety and Innovation Act (lS.3187, signed July 10, 2012). In the current risk assessment exercise, emphasis is being placed on the review of product quality, although nonclinical safety evaluation has also been addressed. The information that the risk assessment exercise is generating will help CDER continue to ensure the safety, efficacy, and quality of drugs, including those drug products containing nanomaterials, while keeping in mind the benefits of scientific advances in drug development.
RISK ASSESSMENT STRATEGY OVERVIEW
The following section describes the strategy used by the nanotechnology risk assessment working group to look at the factors that may result in potential risks to quality, efficacy, and safety, when using nanomaterials in the development and manufacturing of pharmaceutical products. According to ICH Q9, risk management is comprised of risk assessment (identification, analysis, and evaluation), risk control (reduction and acceptance), and risk review (continuous evaluation and adjustment) (9) . Some applications which contain elements of quality by design have included the risk management tools delineated in the ICH Q9 (10) . In addition, risk-based strategies are increasingly being applied to the development of products containing nanotechnology (11, 12) .
A flowchart for the risk assessment exercise undertaken by CDER is presented in Fig. 1 . The first step in the risk assessment process was to form a multidisciplinary team of experts in CDER from regulatory, policy, and research components within the organization. The nanotechnology risk assessment working group used traditional risk assessment tools and developed a strategy that is a combination of Ishikawa diagrams (for identification and categorization of potential risk) and risk management tables for the description and analysis of current risk management approaches used in CDER. In the context of this risk assessment exercise, a hazard or potential risk factor was defined as something that may potentially impact quality, safety, and/or efficacy of the product, as a result of particle size change of the active pharmaceutical ingredients (API). Additional CDER experts were brought into discussions by the working group as needed.
Common routes of administration were used to organize the risk assessment exercise. The following routes of administration were selected: oral, dermal (topical and transdermal), inhalation, and parenteral. Both API and excipients were evaluated. Once potential risks were identified, risk management tables were completed. The results were analyzed to develop and prioritize recommendations.
RISK IDENTIFICATION AND CHARACTERIZATION
The working group's approach involved the use of Ishikawa (fishbone) diagrams as the tool to help identify factors, causes, or sources of variation that might lead to a specific result in a product or process. More specifically, as noted in ICH Q8(R2), Ishikawa diagrams identify "potential variables that can have an impact on the desired quality attribute" of a drug Fig. 1 . Flowchart of project plan for CDER's Nanotechnology Risk Assessment Working Group product. Ishikawa diagrams are a useful tool for providing an inventory of significant factors in a process and for identifying relationships among these factors (13) .
For the risk assessment strategy involving pharmaceuticals containing nanomaterials, the working group has developed Ishikawa diagrams that identify potential risks to quality, safety, and efficacy that should be addressed in the regulatory review process. For example, for the oral route of administration, five phases of the drug product were selected for specific analysis: (1) product manufacture, (2) ingestion and dissolution, (3) absorption and distribution for particles not intended for absorption or (4) absorption and distribution of particles intended for absorption, and (5) elimination. Figure 2 shows the five phases for the oral route of administration used to organize the Ishikawa diagrams. Figure 3 provides an example of a representative Ishikawa diagram for orally administered drugs, in order to highlight CDER's approach to the risk assessment exercise. The diagram represents risks to quality, safety, and efficacy at the ingestion and dissolution phase for orally administered drugs that have a change in API particle size.
For the absorption and distribution Ishikawa diagrams (phases 3 and 4), there were two main scenarios considered: one in which the API is intended for absorption (phase 3 or systemic delivery) and one when it is not intended for absorption (phase 4 or locally acting). Because these two scenarios were considered to have different risk profiles, they were treated independently.
The risk assessment approach for particles meant for absorption (i.e., systemic delivery) focused on potential risk factors related to pharmacokinetic changes, such as differences in the rate and extent of absorption, caused by a change in particle size. On the other hand, for changes to nano-sized particles not intended for absorption (i.e., locally acting), potential risk factors resulting from a locally acting API were considered, such as a change in absorption.
The example selected in this paper is not meant to be a comprehensive depiction of the risk assessment process. Rather, it is intended to provide a framework for how CDER approached this risk assessment exercise. To illustrate the approach, the following section describes how to read the Ishikawa diagram shown in Fig. 3 . The head of the Ishikawa diagram typically represents the desired attribute, which, in the case of the selected example, corresponds to quality, safety, and efficacy, when considering ingestion and dissolution of an orally administered drug that is not locally acting. The caption boxes at the top and bottom of the diagrams represent related categories or factors that impact the quality, safety, and efficacy of the product. The arrows pointing directly to these categories are primary causes or factors, and the branching arrows depict secondary causes or factors. For example, in Fig. 3 , the box "Analytical methods," corresponds to a potential risk category. The possibility of inadequate "dissolution/release rate" and "particle sizing" methods are identified as factors that may impact the evaluation of quality, safety, and efficacy. Similarly, For OTC, methods are compendial and evaluation is done against compendial methods BE data would also catch differences in modified release formulations and could trigger more work on method development information
Please note that this example diagram is not meant to be a comprehensive depiction of the risk analysis process OTC over-the-counter within the box "Particle dissolution rate," particle aggregation is a factor that could ultimately impact the quality, safety, and efficacy of the drug product containing nano-sized APIs (during ingestion and dissolution). Ishikawa diagrams serve as visual shorthand for representing potential harms to quality, safety, and efficacy and the relationship of these possible harms to each other. It is important to note that the identification of potential risks in an Ishikawa diagram is meant to be qualitative, and that no quantification of severity or probability has been given to these potential risk factors. Such an analysis would be product specific. Note that some of the potential risk factors identified on the diagrams appear not to be unique to products containing nanomaterials, as some potential risks identified may be generally applicable to any change in physical properties of a drug substance. However, these potential risks were identified and analyzed because they were considered to be relevant to materials that undergo a change in particle size. Also, the graphical representation does not always capture the complex relationships between the factors and the implications on their review practices. Therefore, a second tool was applied to analyze the potential risk factors and to capture the adequacy of current review practices as applied to drugs that involve the application of nanotechnology Since current review practices may differ for the various types of drug submissions, when addressing a potential risk factor in the risk management table, the working group considered different submission types, such as 501(b)(1), 505(b)(2), and 505(j) (14) (15) (16) . In addition, the group also considered the scenario where a change might occur after the major clinical safety and efficacy studies are completed. In this case, the group considered the situation where changes could occur to the size of an API, both after phase 3 clinical testing but before approval as well as post-approval for an already approved application.
DEVELOPMENT OF RISK MANAGEMENT TABLES

RISK ASSESSMENT AND RECOMMENDATIONS
The described CDER risk assessment exercise indicates that, in most cases, current review practices are adequate for evaluating nano-sized APIs, if the sponsor undertakes the appropriate studies early in the development process. However, if the change in particle size occurs after phase 3 testing, or involves an abbreviated new drug application, the working group identified areas where CDER can develop appropriate review processes and clarify the applicable policies. The working group also identified areas for educational opportunities for reviewers, with the goal of ensuring consistency throughout the review process.
While final recommendations are pending the completion of the risk management exercise, several key points have emerged. In general, the group has identified four areas where improvements could be made. These include: (1) improvements in analytical methods to characterize nanomaterials and reviewer training on these methods; (2) better understanding of how particle size change can affect product performance, including product quality; (3) additional need for clarification of policy in some situations where safety testing is typically not required or where there may be unintended exposure; and (4) development of nanotechnology-related educational opportunities for review staff. The four areas highlighted above are currently being addressed by both review and research staff within CDER. However, within the agency, in all the various centers, similar activities are ongoing, focusing on those areas that are of particular need to individual centers.
SUMMARY
This paper describes the approach undertaken by CDER's Nanotechnology Risk Assessment Working Group, in developing a framework for identifying potential risks associated with the use of nanomaterials in drug products. The tools used by CDER in performing the risk assessment exercise are described, using as an example the oral route of administration. The working group is carrying out similar exercises for a number of routes of administration, excipients, and drugs that fall under the over-the-counter monograph system. It is expected that these exercises will lead to future discussions between stakeholders and CDER staff to develop a common understanding of nanotechnology-related product development and product review that will ensure product quality, safety, and efficacy.
